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ABSTRACT

The analysis of the solidification curve for the traditional cases

of equilibrium and normal non-equilibrium solidification has been extended

to include computation for a binary alloy of any phase diagram. An addi-

tionai case, taking into account diffusion within the solid phase, has

been analyzed to give a solidification curve sensitive to the mode of

solidification, in particular the size of the solidification element.

Expressions have also been derived for each of the three solidification

cases in order to compute the rate of solid formation, the interface and

average compositions of each phase, the rate of change of the composition

with the progress of the solidification, and the relation of the amount

of non-equilibrium phase to the size of the solidification element.

Numerical analysis was used to calculate the change of the concentration

profile on a microscale within a dendrite, due to diffusion within the

solid.

Apparatus and control equipment were designed and assembled for

controlled ingot solidification. In addition to the extended solidifica-

tion heats described below, the equipment permits (a) interrupted

solidification, (b) isothermal solidification, (c) programmed solidifica-

tion, (d) unidirectional solidification, (e) solidification under vibration,

and (f) solidification with stirring.
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Ingots of aluminum-4.5 per cent copper were solidified over periods

ranging from twelve to one thousand hours. The resultr demonstrated that

the increase in the size of the sclidification element concomitant with a

decrease in the rate of cooling for normal alloy solidification causes

the rate of approach to equilibrium solidification to be slow; too slow

for the extension of solidification times to be, in itself, a practical

means of eliminating microheterogeneities in cast structures.

Comparison of the solidification curve derived from the thermal

data of the slow cooled ingots to the solidification curve calculated

for the case of limited solid diffusion indicated that the latter case

does apply to alloy solidification. In addition, microsagregation measure-

ments indicated that there was an increase of solute within the solid

phase during dendritic growth and the results showed good agreement with

the computations for the conditions of limited solid diffusion.
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I. INTRODUCTION

This report sumarizes ontlnuing research on solidification of

aluminum alloys of the Casting and Solidification Section at Massachusetts

Institute of Technology under Army Sponsorship (now Army Materials Research

Agency) through Frankford Arsenal. In recent years work has concentrated

on solidification structure, its control, its relation to casting

characteristics, and its influence or mechanical properties.

mong other results of fundamental or practical value, techniques have

been evolved from the research, which are now employed commercially, to

produce "premium quality" castings; i.e., castings with strengths up to

twice as high as those previously availablea, and with ductilities up to

seven times greater. These improvements in properties have been achieved

in existing alloys, primarily by control of (1) microsegregation, and

(2) microporosity.

It has also been evident that more complete control over microsegre-

gation and microporosity (partidularly the former) should permit development

of now, wholly different and substantially stronger, casting alloys. As one

example, castings with tensile strengths of 70,000 psi have been cast in our

own laboratory; this compares with 50,000 psi as the maximum tensile

strength in the current "premium quality" casting specification.2 A

research program is now underway in at least one laboratory to develop

alloys which possess these high tensile properties and have adequate

ductility for engineering applications.
3
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Development of wrought aluminum alloys has also been limited by

microsegrogation and microporosity in the original cast ingots. For

example, only those alloys in which microsegregation can be held to a

required minimum can be readily worked, or develop adequate mechanical

properties in the wrought state. An example of the as yet untapped

potential of wrought aluminum is that a recent study has shown that with

sufficiently careful processing controls, tensile strengths in excess of

100.,000 psi can be obtained in wrought products produced from cast ingots.
4

To achieve mechanical properties in cast or wrought products

significantly higher than those now available, a deeper fundamental

understanding must be obtained of factors affecting such structural

variables as microsegregation and microporosity. The time is particularly

ripe for such study since (1) a variety of tools can now be nployed to

aid such a study that were not available only a decade ago, including the

electron microprobe and high speed computers, and (2) a decade of

experience has delineated important variables and shown the great

improvement in properties of castings and wrought material that is

possible.

This report summarizes a first year's effort in obtaining fundamental

information as discussed above; it is concerned primarily with microsegre-

gation. Detailed computer analyses of the solidification process are

reported and comparisons are made wIth experiment. Preliminary suggestions

are given as to how the principles developed may be applied to produce more
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hcmoeneous castings or ingots. Work following that reported here is

being directed along th. dual paths of improving insight into the solidi-

fication process and of applying information developed, on a laboratory

scale, to alter and improve cast structures.
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II. ANAILYSES AND COMPUTATIONS

Once the transoort and equilibria that occur on the microscopic scale

are specified or assumed, certain macroscopic properties of a solidifying

system can be cocouted.5 "7 In this sectiof, the fraction solid, phase

composition, heat content, and associated derivatives are computed for

three limiting conditions: (!) equilibrium, (2) normal non-equilibrium,

and (3) limited solid diffusion. The aluminum-rich portior of the

aluminum-copper alloy system, a simple eutectic between the K, 8, and

liquid phases (Figure 1), will be used as an example for computation.

The analytical expressions derived, however, are general and can be

applied to any binary alloy system whose phase diagram is accurately known.

Previously, laborious hand calculations were necessary to carry out

this type of calculation for any but alloy systems whose phase diagrams

were composed of straight lines. The availability of an IBM 7090 digital

computer* for the evaluation of the expressions made feasible carrying

through the calculations for any binary alloy system. The organization of

the general programs for computing and recording the results of the

analyses is included as Appendix B, and description of the expressions

follows.

A. Fraction Solid

For a solidifying alloy of kzow phase diagram, the fraction solid at

any temperature can be c-lculated by the appropriate application of mass

* This work was carried out in part at the Computation Center, Cambridge

Massachusetts.
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balances. An alloy system having m components and solidifying through a

rgion of n solid phases and p liquid phases will have m-l independent

mass balancos of the form

r p

~ CS 1 fs ' CLfL C

j-k-

viCre 0  - overall weight fraction of component i.

Cc C - the average weight fraction of component i in the
ij ik j phase of the solid and the k phase of the liquid,

respectively.

SfLk- the weight fraction of the j phase of the solid and
K k phase of the liquid, resoecttvely

Consider now a solidifying alloy of a specific binary system (such as

that of Figure 1). At any point in the two phase region the m.ss balance

for solute xy be written in the form

CSfs + CLL (2)

where the subscripts i, j, k have been deleted, there being only one solid

phase, one liquid phase, and one independent equation.

Differentiation of equation (2) gives the affect of an :nfinitosimal

variation in the system

The symbols used in this report are tabulated in Appendix A



wfnivn is ex anded to

I S dS L L()

As iz ; as :le systef 's closed

df - df L  - (6)

anc e-ratio- , may now be rewritten

Cs) df S  - fsdCs ( fS) d L  7

The equality expressed by equation (7) is depicted for an infinitesi.al

a -.- nt of sol dificj- on, df s by Figure 2a. The condition before the

transformation is reoresented by the lne o and the condition after10

transformation by the line Cross-ratcned area B (represented by the

left side of equation 7) must equal area A plus area C (represented by

the right side of equation 7)

1 Equilibrium Solidification.

Equilibrium soiidification refers to a liquid-solid transformation

that occurs with complete transport within both liquid and splid phases

and with comDositions at the interface strictly as predictea by the phase

diagram. The compositions of the solid I liquid will be unIformly those

given by the intersection of the isothermal at that temperature (tie line)

with the solidus and liquidus, respectively. Figure 2b depicts the change
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produced by an amount of solidification dfs, and equation 7 aodified for

this special cso is:

(CL Cs*) dfS  fsdCs- + (I - fs) dC,* ...... (8)

where CL*, C..* -weight fraction of liquid and solid present at interface

ja) Straight Phase Boundaries

One method of Solution if equarion (8) is to asscme that both the

solidus and liquidus are straight lines described by mS and nL where:

Tm - TiCL -.. (9)

Tfl - T(

S CS,

where Tm = melting point of solvent

T, = teaperature of invariant transformation

C ,i' CLi - concentration of solvent in solid and liquid phases at invariant.

The ratio of the equilibrium solid concentration to the equilibrium liquid

concentration within the two phase region is a constant termed the equilibrium

"partition ratio".

CS* mL (k 1 . . .. . . . . .. . . . . . . (11)
CL* mS

and

dCs* kdCL* . (12)
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Now substituting expressions (11) and (12) into equation (8), separating

variables, and inxosing iJ=-: : c f integration yields

dfs L dCot (3)

I - (k-l)f S  (i - k) CL'

0 /C0

Integration leads either to the familiar lever rule

CL* - (0

s CL - CS4  (i )

or the expression used for computations

f TL - T 5

S (TM - T)( -k)

where TL liquidus temperature for alloy C0

(b, Curved Phase Boundaries

Often the assunpt 4-n of a straight iiquidus and solidus leads to

inaccurate results and/or loss of information. Such would be true, for

example, for the aluminum-zinc system (Figure 3) or the aluminum-tin system

(Figure 4).

If the phase boundaries are not straight, equation (15) no longer holds.

Equation (14), however, is still valid and may be applied at every point in

... ... ,e Pith.n ,for a sbeiic or jiuminum-copper

alloys of differing composition are plotted in Fiaure 5.
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Although the results obtained from he curved line calculation often

differ appreciably from the results obtained from a straight line approxi-

mation (equation 15), equilibrium solidification is rarely approached and

the significance of the differences will be discussed in relation to the

non-equilibrius calculations (page 11 and Figure 7)

2. Normal Non-Equilibrium Solidification.

Normal non-equilibrium solidificatxon refers to the condition of

(1) complete mass transport within the liquid phase (e.g., diffusion

coefficient is infinite, OL = oo), (2) no mass transport within the solid

phase (DS - 0), and (3) equilibrt.um maintained at the interface. The

solidification assumptions are depicted by Figure 2c. There being no mass

transport within the solid phase, equation (7) is simplified by the dele-

tion of tho trm fs S and the mass balance is written in the form

(CL* - CS*) dfS ( - fS) dCL* ... ...... (16)

(a) Straight Phase Boundaries

Assuming the liquidus and solidus to be straight lines, substituting

expvtssions (11) and (12) into equation (16) and integrating leads to the

result

- - Co ; l-k........ (17)

u. Lso expiession used for computation

fs- m L (18)Tm - T. . .
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(b) Curved Phase Boundaries

When the phase boundaries are not sufficiently straight over their

entire length ot justify the use of equations (17) and (8), the phase

boundaries are treated as a series of straight line segments that follow

the actual phase boundary within the experimental accuracy. Then, for a

temperature, T, within the interval, Tj - Tjl, that the phase boundaries

are considered straight, define

T - Tj Tj - T
mSj CSJ CSj. CS Cs* (19)

mL T - Tjl Tj - TL = (20)
SCL 1  CL*

where CLj and CSj are weight fraction of soIute at intersections of

isothermal at Tj (tie line) with the liquidus and solidus, respectively,

CLj_! and Csj. represent similar quantities at T j I . Expressions (19)

and (20) combine to yield

mL mL

J

CL4 - CS . CL* - J CL -C + -_ CL (21)
msJ CL ~ Sj

Let mL

ns
- mUj - CS, (23)

Bj = - CL )

,.3



and replace (CL' C S *) in equation (16) by A JCL* + B

( dfS dCL* (4
l fS AJCL *+ Bj

S 'I l

Intograting*equation (24) ovir a short range TV to T within the interval

Tjl to Tj using as lower limits of integration that a fraction solid S

exists at temperature T' and liquid composition CL .

- 1 ( 1) ?5' AJC L B1 //~25)

To calculate the value of fSat any temperature T within the intervalT 1

to Tj, equa tion (25) must be successively evaluated within each of the

intervals from the liquidus TL to the temperature Tj..1 and then in the

interval from Tj... to T.

The results of this calculation for a series of aluminum-copper alloys

are plotted in Figure 6.

In Figure 7 results obtained for several systems by using the expression

for curved phase boundaries (equation 25) are compared to results obtained

using the straight line assumption (equation 18). The aluminum-iron system,

Figure 7b, has been included as an example because the phase diagram is

cr.i~s o f s.-21is* "nes within th) Z &.c~ur&.Y (if tne determination,

hence results calculated from both expressions coincide

*When the solidus and liquidus are parallel, Ai = 0. Integration then gives
instead of equation (25), fS = I - 0I - fsg) exp (C '_ CL */Bi). A similar
exception exists in other integration, frr curved pf~ase boundaries that
fol low.
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The main deviation for the aluminum-copper system, Figure 7a, is that

the curved boundary calculation predicts a higher liquidus and thus the

curve is displaced to higher temperatures. The predicted amounts of non-

equilibrium second phase are only slightly different,

The straight line approximation is not even qualitatively applicable

to the aluminum-tin system, Figure 7c.

The straight line approximation is valid for aluminum-zinc alloys in

which zinc content is low, Figure 7d, in spite of irregularities in the

phase diagram, Figure 3. This is due to the fact the irregularities occur

at higher zinc contents and the low zinc alloys are mostly solid before

entering those regions.

3. Limited Diffusion in the Solid.

Limited diffusion in the solid refers to the assumptions (I) complete

mass transport in the liquid, (2) mass transport in the solid solely by

volume diffusion, and (3) equilibrium maintained at the interface These

solidification :.onditions are depicted in Figure 2d For this calculation

an additional assumption specifying the growth morphology is taken The

growth form is considered to be plates separated by a distance d. The

plates start to grow at the liquidus temperature and complete their growth

when solidification is complete at a time Of later (See Figure 3 for

growth model )
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An increase in the solute content due to solid diffusion must be the

result of a flux that enters the solid at the liquid-solid interface. Thus

the solute increase behind the interface fsdCs is st equal to the flux at

the interface.

220 5  dCs d ()

fsdCs "- Jf d d 2d-- dX dO (26)

where Ji = flux at interface in solid phase (gr/cm3)

5' - density of alloy (gr/cn 3 )

0 = diffusion coefficient (cm2/sec)

ds)
= con entrtion gradient at interface (weight fraction/cm)

8 = time from initiation of solidification (seconds)

To simplify equation (26) tho amount of diffusion is assumed relatively small,

i.e.,

des ) dCs
dT " dX1  

.. (27)X= Xi

(a) Parabolic Growth

First, let the rate of advance of the interface be parabolic in time

X i  X V 1 9 (28)

where Xi  - position of interface

/, - growth rate constant
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and
dO 2Xj fsd

-- --. . . . .(29)
dX i  (%)2 ( )2

For the case of limited solid diffusion and plate-like growth form, equation

(7) becones

(CL*- Cs*) dfs  c< fsdCs *  + (1 - fs) dCL* (30)

where c- - 2Ds/A 2 . . . . . . . . . . (31)

and equation (30) may only be applied for -->, <1 due to the assumption (27).

Straight Phase Boundaries, Constant Diffusion Coefficient: Once again

the partition ratio is assumed to be constant and, in addition, the diffusion

coefficient is assumed constant over the solidification interval. Separating

variables, now

dfs i dCL*
"k5-f+ (1) (32)

k's " s + ](I Q) CL

and integrating

- CO ) (I- k)/(I-k)

fs E (33)

or

T T (I - k)/(I-k)
T -T
T, m T

f . (34)
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Curved Phase Boundaries. Constant Diffusion Coefficient: Equation (30)

can be evaluated for a system with curved phase boundaries by dividing the

liquidus and solidus into a series of straight line segments (as done

previously for the normal non-equilibrium case). Using definitions (21),

(22), and (23) and the relation

dCS* - (I - Aj) dCL* . . . . . . (35)

equation (30) can be rewritten

(AJCL* + Bj) dfS - (I - Aj)0KfsdCL* + (I - fs) dCL* .... (36)

Separating variables and integrating

- AC, + B
Se (; 

. . . .. . (37)
,AjL* + Bj /

where "( I-1 AjZ,/) (38)

and /A

r/AJCL , + J ) J
fS " l - I "  '  fs ') ( -- -. (39)SL AjiC L* + Bj / __j

Straight Phase Boundaries, Temperature-Dependent Diffusion Coefficient:

The diffusion coefficient of solute may vary by more than an order of

magnitude over the temperature range of solidification of an alloy. The

aluminum-4 5 per coxt copper a? ?,y, for e &;mAe, hta a suiute aLrruslon

coefficient of 1 62 x IO'9 cm2/sec at the liquidus and at the eutectic of
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1.99 x 101 0 . A closer approximation is made by allowing the diffusion

coefficient to be an exponentially varying function of temperature of the

form

D - Do exp (-Q/RTK) ... .......... . (40)

where D0  M empirical constant

Q - heat of activation, empirical

R - gas content

TK - absolute temperature

Now C,< becomes a function of temperature of the form

2D0

(T) 2 2 exp (-Q/RTK) .. ......... ... (41)
(N)l

and equation (32) is integrated over short temperature ranges between the

liquidus temperature and the temperature of consideration At each interval

the proper value of >< (T) is substituted

S/ (TM - T'(42)

(I - oI(T)k - - ( - >K(T)kfS TM T ()

Curved Phase BoundariesTemperature-Dependent Diffusion Coefficients:

For this computation the dependence of US on temperature is inserted into the

analysis by relating < to the liquid composition. The absolute tempera-

ture at some position within the interval between T j_ and Tj is given by-

TK = Tj - mLj (CLj - CL*) + 273 0 (43)
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and << (T) is defined as In equation (40) Now setting

(T) I - (I -A ) (T) (44)

Use for each successive interation:

(T)/AJ!AjCL'+A8C Bo i

f I - (C C (T)fs,) AJLI 8  (

-" (T) C JL J

Transformation at the Eutectic Tmperature: The analysis of soiidifi-

cation for the limited solid diffusion case has carried the alloy to the

point of evtectic transformation. This case differs from the previous

two cases in that the phase redistribution resulting from the eutectic

transformation and th6 cooling to rocm temperature must be taken into

account. In the equilibrium case the phase distribution is simply obtained

from the phase diagram. An aluminum-4 .5 per cent copper alloy (FiJre 1)

is totally prbim-y solid sol'uon, K, after solidification and the 8 phase

only appears as the alloy crosses below the solvus line. In the normal

non-equiibrium case there can be no mass transport withln the solid phase

and thus no diffusion controlled solid state change can occur. An aluminum-

4.5 per cent copper alloy that nai jO 5"- rrinary solid and 9 1% liquid

phase just above the eutectic temperature will form just 9.14 eutectic

This requirement is relieved for the case of limited solid diffusion An

analysis of the formation of the primary phase at toe eutectic temperature

is presented below An analysis of solid diffusion below the eutectic tempera-

ture will be presented in Section D (page 38)
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Considering the eutectic to be a pseudophase and evaluating the

materials balance, equation (1), for three phase equilibrium of a binary

alloy

CSfs + CEfE + C'-fL C0  (46)

whore fS refzr to the primary solid

C Ey fE refer to the eutectic solid

EL fL refer to the eutectic liquid

for an infinitesimal change

d(CsfS) + d( E f E) + d(ELfL 0 (47)

Expanding equation (47) but taking into account

dCE - 0; dCLCL 0  CL

(48)

df E -df S d (49)

it simplifies to

(CS* - CE*) dfS + fSdES 0 (49)

The second term of equation (50) is evaluated by referring to equation

(26)

2D s(T£ dCS df,
fSdCS - d df ) - d9 (1

TE d TE
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Again, the assumption is taken that the solid diffusion does not change

significantly the concentration profile at the interface, equation (27),

and
4 DS( T E) CS* (I-k)
d2  I - (l-Ck)fs '(TE)

where fS'(TE) refers to the solid fraction just above the eutectic

tawmperature. Rowritting equation (50) and setting limits

fS(TE) el" (d 2/4/, 2)

(Cs *-CE)dfS + ( 4 dS(TE)CS*( k - 0
f d2 [ - (I- k)f'skrE)J

fs(TE) )91EmfIs(TE) 2 (d 2 /4>N2 )

(53)

and integrating

k I - f's(TE)
2

fs(TE) - f's(TE) + 2 - (i -:< k)fIs(TE) (54)

for curved phase boundaries the ang.cgous expression is

2
fs(TE) f's(TEl + (I j) 1 - ( ) (55)

2 1- fs(TE)

Evaluation for an Aluminum-4 .5 Copper Ailoy:L The analysis for limited

solid diffusion was applied to an aluminum-4.5 par cent copper alloy using

the published phase diagram (Fioure 1), the followinq cc's*Lants in the

expression for the diffusion coefficient
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0 0 8.4 x 10-2 cm2sec- i

Q - 32,600 calories mole-1

and a parabolic growth rate constant

/' 6 x lo5 cm s*c
1/ 2

The fraction solid at each temperature, i.e., the solidification curve,

for the limited solid diffusion codition is compared to those for the

equilibrium and norial - nonequilibrium limiting cases in Figure 9*. The

calculated curve, based on equation (45), falls between the liriting curves

for the equilibrium and noral non-equilibrium case, the position of the

curve shifts in the direction from non-equilibrium to equilibrium as the

value of X decreases.

For parabolic growth of dendritic.ally freezing alloys > is equal to

one half the dendrite spacing divided by the square root of solidification

time; i.e., from equation (28) and Figure 8:

Xs 1/2 d/ V f - /2~ (56)

where )f a total solidification time

- emirical ratio of dendrite spacing to square root of
solidification time

In dendritic solidification of ingot cast from most alloys, ' is

found to be nearly constant over a considerable range of freezing 8,9 From

* Note- Figure 9 includes some experimental data described in Section IV
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aluminum-copper alloys the values of ' (-2 ?-,) observed are such that some

solid diffusion is to be expected during normal solidification.

(b) Linear Growth

Now consider the advance of the interface to be linear in time

xi  u . .. ......... .(57)

and

dXi
d--- " . . . . . . (58)

For the case of limited solid diffusion, plate-like dendrites, and linear

growth, equation (7) becomes

(CL* - CS*) dfs = L dCs* ( ( fs) dCL* . . (59)

where cV L 2D/ud

The result of integration for the conditions of straight line phase

boundarie3 and constant diffusion coefficient is

1/1-k
- -+ L Q ( ) ) (61)

The analysis has also been applied to the conditions of curved phase

boundaries and/or temperatire dependent diffusion coefficient in a

fashion analogous to that describea above for parabolic growth.

To evaluate the result at the eutectic temperature of diffusion in the

primary solid the expression for fsdCs (equation 51) is evaluated for linear

growth rate
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4os(TE) (I - k) CS* (TE) (62)
fsd-s d 2  1 + L k- fs

Upon substitution for this term in the materials balance for the autectic

temperature (equation 50) and integrating

S-f's(TE) . (3
fs(TE) f's(TE) k L i + -fI(TE (63)1+ )Lk-f 'S (TE )

Similarly for curved phase boundaries:

fs(TE) - ffs(TE) + L(0 - A) + I - fAS(TE)
S E E L i I --- L - Aj) -f'S(TE)

(64)

The quantitative results of this analysis for linear growth rate and

limited solid diffusion are presented in the next section.

If the growth form is again considered to be dendries grown from the

melt, the growth rate constant u is half dendrite spacing divided by the

solidification time; i.e., from equation (57) and Figure 8.

1 du- . (65)2 8f. ..

end
ud d2 2  (66)2 0f 2 Y66

where still is, as previously defined, the empirical ratio of dendrite

spacing to the square root of solidification time. 'he relation of the

solidification curve, and thus the microsegregation, to the behavior of

receives closer attention in the next section (page 29)
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B. Propertils of the Solidification Curve

1. Comparison of Several Aluminum Systems.

The solidification curve (temperature versus fraction solid) is

important in the prediction of many casting properties and the interpreta-

tion of certain solidification stuctures. As examples, the solidification

curve aids in understanding relative tendency for alloys to hot tear,' 0

relative shrinkage characterisitics of different alloys,)1 and it may

affect dendrite morphology as well.

The solidification curves for a series of compositions in each of nine

binary aluminum alloy sy-tems were computed. The results for the case of

normal non-equilibrium are presented in Figure 10. The ordinate values in

thzz plots are not degrees as previously but rather a dimensionless tempera-

ture scale defined by

T - TE (67)
R  TL TE

where TR will be referred to as the reduced temperature.

For an alloy that transformed uniformly over its solidification range, the

curve would be a straight line of slope minus one (-I)

Note the degree of similarity that exists frcm system to system in

Figure 10. One difference between the curves is the amount of solid that

forms in an initial temperature interval (e g., tho first five per cent

temperature decrease) Comparing equivalent alloy contents of the systems
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aluminum-zinc, alJminum-nangnesium, and aluminim-copper indicates that

the amount of solid to form in the same drop of reduced temperature

increases in the order stated. These differences may be expected to

influence not only solute redistribution but perhaps also dendrite

morphology in the different systeris.

2. Rate of Solid Formation.

Through their description of the solidification curve, the first

derivative of the fraction solid with temperature, dfs/dT, and with con-

centration, dfs/dCL are valuable quantities for (1) analyzing

solidification phenomend and (2) insertion in solidification calculations

(e.g , the calculation of rate of shinkage of heat ealease that follows).

These derivatives, obtainable by rearrangement of the differential mass

balances (equations 8, 16, 30, and 59), are summarized in the tabulation

that follows

The reciprical of the slope at the liquidus of the solidification

curve, (dfs/dTR)TR=i, are plotted for several solute contents of the

aluminum-magnesium, aluminum-copper, and aluminum-zinc systems in Figure

1i The temperature rate of solid formation decreases sharply with

fraction solid (see inset Firre 11) Note that the rate of solid forrna-

tion of the aluminum-zinc system Is about five fold higher than the two

former systems
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3. Composition of the Solid.

(a) Composition Within the Primary Dendrite

The amount of segregation (coring) which results in each of the

three idealized solidification cases discussed in Section IA is of

interest. The minlmuym segregation will be experienced for the equilibrium

case; the maximum segregation for the normal non-equilibrium case, and an

intermediate amount of segregation for the limited soid diffusion case.

As an extension of the preious analyses the composition at the interface

and the average composition of the primary dendrite are calculated as

fol lows.

Interface Composition as Function of Temperature: The composition

present at the interface must, for each solidificatiorn cese, be just that

given by the phase boundary at that temperature. For straight phase

boundaries interface equilibrium is established between the following

compositions in each case.

Tm - T (85)
CL*(

mL

Tm - T
Cs = k -L k C* .. (86)

and also
dCL* = - -- (8 7 )
dT mL

dC s * k

dT mL
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For curved phase boundaries the interface com~positions take the form:

CL CL - T .... ..... (89)L Lj - mLj

CS (I - Aj) CL* B ..... ... (90)

and
dCL 

(1

dCs* I - Aj...............(92)
dT mL

Interface CMosition as a Function of Fraction Solid: It is of

interest to express CS* as a function of fraction solid, as this r414tes

closely to the concentration profile within a dendrite. The relations,

using straight phase boundary assumptions, are as follows:

Equilibrium: CS kC, 11 (1-k) f5 \ -l ....... (93)

dC5 * (1 -k) 2
df5 SKC 0  Cs. ........... (94)

Normal Mon-Equilibrium: C kC ( 0 f S) k-l (95)

dC1  .5 (lk . .. .. .. . ... (96)

Limited Solid Diffusion: C (K 0 [l - 0~
(parabolic growth) S0jf 5)
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dCs* CS*(I - k)

dfS  1 - (l- k)fs (98)

Limited Solid Diffusion:
(linear growth)

I + k f

C kC L + .. . . . (99)

dCs* Cs* (I - k)

dfS  I + c<"Lk - f .. (

Average Composition of the Solid: For equilibrium the composition within

the solid is uniformly the sam, as that at the interface; that is, the average

composition is equal to the interface composition. For the normal non-

equilibrium case, the solid composition does not change aftsr the interface

passes. For the limited solid diffusion case the solute content within the

solid changes continuously and approaches the interface composition For each

of tho three cases, the average composition of the solid at any point during

the solidification is given by the relation:

CSr 0 -fs) C 1 1
CfS f _9Ss - s CL* .(.I01)

and
dCS  I dfS  (I fs)  dCL*
d- (CL CS) dT f (102)

where the derivatives relating to the appropriate conoitions are substituted

on the right side of equation (102) The avcrage composition as a function

of the fraction solidified is plotted for a case of limited solid ditfusion

and the limiting cases for an aluminum-b 5% copper alloy in Figure 12.
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From the solidification curve for the limited solid diffusion conditions

it is only possible to calcvlate the interface composition and the average

composition. The computation of the actual segregation pattern at each

interval of solidification is computed by a numerical anelysis technique

described in Section 3 (page 35)

(b) Amount of Second Phase

The solidification curves for several compositions of the systems

aluminum-copper, aluminum-magnesium, and aluminum-zinc were computed using

the limited solid diffusion conditions and several values of 2 (.d2/9f)

for both parabolic and linear growth. The fraction eutectic formed during

solidification as a function of 2 is plotted for several compositions of

aluxinum-copper having parabolic growth, Figure 13, and linear ejrowth,

Figure 14.

For the aluminum-copper alloys up to the maximum solid solubility

limit at 5.65 per cent copper a change of , (-2 ,) from 5 x 10-5 cmi/sec 1/2

to I 0 x 10-3 is sufficient to shift the behavior from essentially equili-

bri.; to normal non-equilibrium. These results, which are summarized by

Figures 13 and 14, are supported by numerical analysis calculati3ns described

lator (section 0).

The results, as plotted in Figures 13 and 14. show the sonsitivlty

of the segregation behavio, of several aluminum-copper alloys to :he ialue

of (the ratio of th. growth e oy,. size, e g., the dendrite spacing, to

the square root of the -olidification time) Figure 15, which delineates
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the value of to produce a given -mount of non-equilibrium eutectic, is

derived by a transformation of Figure 13 A horizontal line drawn on Figure

13, as shown at one per cent retained eutectic, intersects the curve for

each composition at the value of 2 just necessary to form a given rx=ount

of eutectic, e.g., one per cent. The intersections of several horizontal

.ines are plotted in Figure 15. Thus, the area below the curve marked 0.5

is the locus of points for which one half per cent or less eutectic will be

formed: similarly, for the curves marked 2.5, 5.0, 10 0.

The results for the aluminum magnesium alloys up to the maximum solid

solubility limit at 14.9 per cent magnesium indicate a shift in V from

I x 10- 3 cm/scl/ 2 to 2 x 10-4 is sufficient to shift behavior from the

non-equilibrium type to essentially equilibrium. For aluminum-zinc alloys

up to 10 per cent zinc a shift from =2 x 10-3 cm/secI/ 2 to ) 2 x

10-4 cm/sec1/2 is sufficient to cause t .ge in solidificatktn behavior.

C. Heat Content of a Solidifying Alloy

The determination of the solidification curve for an afloy makes possible

calculation of a variety of solidification parameters, the actual measurenmnt

of which Is often extremely difficult. The computation of two such groups of

porperties has been included in the FORTRAN program for macroscopic properties

described in Appendix B. These are-

1. The specific volume of the phases and the amount and -ate of

shrinkage.
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2, The heat content of tho phases ard the rate of the heat release.

Only the latter computation is discussed in tnis year's report.

The total heat released during the liquid to solid transformation of

a binary alloy of components A ard I depends only on the initial and fina!

states of the alloy. The heat released at any temperature during the

transformation, however, is intimately dependent on the solidification path.

This dependence on the path is significant when the composition changes of

the solid and liquid phases during solidification are considerable

General: The heat content of a binary alloy at any teperature in a two-

phase region is expressed by the following relations:

HT = fsHs + fLHL ... .......... .(103)

where

H = CsH' + (I Cs)H"C + HSM (T, C.) .

HL  - CL*HIL + ( - I.*)H L  + HLM  (T, CL*) . ... (105)

Having used the following expressions for the solute

T

H'S ) C' dT . . . . (106)

TB

TOM F1 I/

C +t ' C' dT (107)

TB TI
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Aa)ogous expressions were used for the solvent oarameters, H"S, HL

where single primes refer to solute and double primes refer to solvent and

HT  total heat content of alloy relative to a base

temperature, TB calories/gram alloy)

HS, HL W heat content of solid and liquid phases (calories/
gram phase)

TOM, T"M - melting point of pure component ("C)

C'PS, C'pL = heat capacity of pure solute in the solid and liquid

states, respectively (calories/gram°C)

HFO = heat of fusion of pure solute (calories/gram)

H M(T,c ), HM(TC*) - heat of mixing of solid and liquid phases at
S S temperature T and average compositions Cs and C,

respectively (calories/gram))

The assumption has been made that the properties of a phase are

accurately represented by its average camPposition. This is nssertially

use of the Kopp-Neumann rule of heat capacities.

Equally general as the previous expression-. are the following derivates

that are the rate of heat release of the phases and the aggregate,

dHT dHS  dHL  df S

dT = fs y + (1 - fs) T + (Hs - HL) dT (108)

where,
M \M '

dHs d;5 S dC
CsC' + (1-Cs)C"ps (H'+H") + + i L S S d

.C S S  d-'- j T ' C S ' dT

109)
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dHC
c~~' L + Llc )cLC*

dlL +(-*L )C + (H'L +H L) arT + dC'

(110)

The rate of heat release with increase of solid fraction (dii/dfS, dHL/dfS,

dH1s/dfS) is simply obtained by multiplying Cie appripriate derivative above

by dT/dfs (see Table I).

For a dandritically freezing alloy the liquid is considered to be

hoamogenoous on the microscale and thus the terms that depend on the

solidi4'ication path are fS CS) d S/dT. dT/dfs. The method of evaluation

of these parameters has boen discussed previously,

The analysis has been applied to the particular cass ., an al~iminurn-4 5

per cent copper alloy. The method of evaluating each of the therm~al -ara-

mete-s using data from K. K. Kelley12 and from 0 Kubashaewski and

J. A. Catteraill13 is sunmnariz.-d in Appendix C.

The heat content is plotted as a function of tem~perature ir. Figure 16

and as a function of the solid fraction in Figure 17 The hea: co-tent

curves of Figur4 16 are O~aped simi1zrly to the soiidification cr'vts for

the same alloy (Figure 9,) The curves for the non-equi'ibdium east differ,

in detail, in the follc'wing muanner.

1. The curves are extended in the direction of t~.,e absc ss During

solidificatton of an alloy, the sensible heats of the sollc and

Iliquid phases must be renmved, in addition to the heat of fusi on of

the solidifying fraction
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2. The ratio of heat released during the eutectic hold to heat releasea

during the solidification interval is not equal to the weight frac-

tion eutectic formed During the eutectic transformatiun, which is

isothermal, no sensible heat is removed from the solid or liquid

phases. Only neat of fusion is released in addition, the 8 phase,

which is one of the eutectic constituents, has an appreciably nega-

tive heat of formation, approximately twice the number of calories

per gram as the negative heat of nixing of the eutectic liquid

3. There is an inflection in the heat content curve near 70 per cent

solid. The composition of each phase and of the transforming fraction

increases continuously during solidification. The heat capacity of

each phase, the heat of mixing of the liquid, and the heat of fusion

of the solidifying fraction are each dependent on the composition

Reference to Figure 17 indicates that the heat that need be removed

for each fraction solidified increases as solidifi.ation proceeds and

the solute content increases in each phase.

If the heat released for each fraction solidified were constant, then a

heat content curve could be transformed to a solidification curve using the

construction of Stonebroow and Sicha i4  Tie slope of the curve in Figure 17

equals the amount of heat that need be extracted to form a gram of solid at

a particular stage of solidification. It is clear that the slope, dHT/dfS, is

not a constant throughout the sol~difLcation irerval of an aluminum-4.5 per

cent copper alloy, rather, dHY/dfs, continually increases as solidification

progresses. Hocever, for some calculatiois (e.g., qualitative application of
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the Stonebrooke and Sicha calculation) a value of dHT/dfS averaged over the

soldifIcation interval would not be tto crude an approximation

0. Diffusion Within the Dendrite

I. Analysis.

The computation of the limit solid diffusion case (Part A-3, page 12)

delineates the conditions necessary for significant solid diffusion during

solidification. Enhancement of this diffusion reduces the severity of

microsegregation and is, therefore of great engineering interest. Previous

calculations, however, do not fully describe microsegregation in that they

do not describe the distribution of solute within the dendrite. A more

complete description is obtained by the application of numerical analysis

techniques to the diffusion equation.

The model used in the numerical analysis computation is analogous to

the model of Section A-3 and is depicted by Figure 8. The pertinent condi-

tions and assumptions are described below.

I. The growth forms (or dendrites) are considered to be plates

separated at their centers by the final dendrite spacing, d. The

plates start to grow smoothly at the liquidus temperature and each

plane face advances a distance d/2 within the solidification time

Gf.

2 End and corner efects are neglected
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3 The solute transport within the solid phase is solely by volume

diffusion. The diffusion coefficient is an exponential function

of temperature described by equation (40).

4. Density differences due to solidification shrinkage are neglected.

5. Tmperature is uniform throughout the dendrite plate at any given

time, Q Although a casting may be solidifying under a steep

thermal gradient, the temperature difference between any two

dendrite plates dill always be small.

6. The rate of advance of the interface is taken to be a continuous

function of time.

parabolic Xi  = \x .... (Ill)

or

linear Xi  W u e . . . . (112)

7. (a) In the first analysis, diffusion behind the interface is

considered not to alter the rate of growth. For this assumption,

the interface composition at each position of the moving solid-

liquid interface is given by the normal non-equilibrium expression

for interface composition, equation (95), which becomes for the co-

ordinates of this model

C*S IKC0 (I - 2Xl/d)k - l ..... (113)
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(b) A second, mere accurate analysis, but one tha.. requires

two co~mputer time, Assumes the envelope of interface composition

is given by the limitotd solid diffusion expressions for the inter-

face compositi.on, eoi~ation (97) for the parabolic growth, equation

(99) for the linear qrowth. Results were obtained using both

analyses.

Solid Diffusion Within the $olidification Range: Diffusion within the

solid phase for the above descri, vd model was studijd using Fick's second

la~i:dC D................(114)

with the initial and boundary conditions implied by the model:

when, T - T, then e - 0, X. = 0, and C, kC, . . . 05

at X - 0,, C/"OX - 0

X - Xi, CS................. .... (116)

(where C* is given either by the norn~al non-equilibrium or the limited

solid diffusion expression as stated in assumptions 7 above).

Using the method of finite differences equation (114) is transformed to

Ai.X CJtk CJ,k-l ALJ+12k-I CJ~k-l CJ,k-I - CJ-1k-l

(117)

where the subscript J refers to steps in the X direction ar.J k refers to

steps in time. Solving equation (117) for rJk
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CJk =Cj+.Ik-l + (M - 2) Cj2k.i + Cj-lk (118)
M

where M . . . . . . . . . . . . (119)

Equation (118) is evaluated iteratively over J and k and the boundary

conditions are simulated by the sequence of the steps taken by the

computer solution.

Solid Diffusion During the Eutectic Transformation: Again, as the

liquid remainfng at the eutectic temperature is transforming, diffusion

occurs within the primary solid. This diffusion is calculated by evaluating

equation (118) at all the J positions within the primary solid solution for

successive iterations, each Z8 in duration, from the time of reaching the

eutactic temperature to time Of wher. freezing is complete

Diffusion in the Solid Solution Region: As the alloy cooals from the

eutectic to room temperature, a certain amount of homogenization can occur.

If this liomegenizatien is significant, then one would expect to see less

second phase and more level concentration gradients at room temperature than

were present immediately after solidification Once the time-temoerature

path for the alloy is determined, the above analysis can be extended to

calculating the amount of solid state homogenization. Just as for the

solidification range. two classes of cooling curves are considered.

The condition of linear advance of the liquid solid interface, equation

(112), for the modEA requires a constant rate of heat removal, q, that is

q - constant C1 . . . . (120)
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Such a heat flow condition would be largely true for (1) an ingot cast so

that interface resistance to heat flow is the limiting factor, (2) an ingot

cooled by the "differential thermocouple technique" described later in this

report, and (3) for 'Nunidirectionally" solidified ingots, solidified under

steep thermal gradients, for distances not to close to the chill and tern-

peratur-es not far from TE.

If the heat released in solidification were the samne for each fraction

solidified and equal to H1 (calories/gram), then

dXi q (2)
d8 HA )HIA

Nr i, in the solIid region,

2 dT

where C S= heat capacity of solid (calories)

Substituting (122) into (121) and rearranging

dT 2H'u.................(123)

Integrating

T =TE C H1 [ O~f _Of... (124)

The condition of parabolic advance of the liquid-solid interface,

equation (1l1), for the model requires a parabolic rate of heat removal,
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that is. q = C2 8 . . . . . . . . . (125)

Such a heat flow condition would be largely true for temperatures not

to far below TE when resistance to heat flow is primarily thermal diffusivity

of the mold as in (1) sand castings, (2) chill castings, locations near the

chill, mold-meral interface risistance negligible.

For parabolic heat removal,

dX i  q C2  m . (126)

d8 H'A H'A 2 1/-8-

and again, after solidification, equation (122) will hold. Substituting

(122) inte (126), rearranging, and integrating

'+ . . . . . (127)

Once the appropriate time temperature path has been selected, equation

(118) can be evaluated iteratively from the eutectic temperature to a

temperature at which the diffusion contribution is no longer significant.

2. Qualitative Results; Diffusion During Freezing.

An important parameter in the numerical analysis technique is M

(defined in Equation Hl9). It is a characteristic of the analysis that

when 6 X represents the amount of solid to form in a solidification time

L/.8; for H<<2 the gradients will tend to level out as fast as the derldrites

grow; for Mi>2 there will be little diffusion and segreqation will approach
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the maximum. The parameter M can be related te the grewth model through>

as defined first in equation (56)

d/2 . . . . . . . . . . (128)

It is devnstrated below that, within the assumptions of the above

analysis, ever any range that the value ef the proportionality factor

for an alley is truly a constant, the solute segregation pattern will be

the same for every dendrite spacing and cooling rate. The only difference

will be that of scale (the ratio of the dendrite spacings). Fer two ingots

made from an alley with a constant value of , the solute content at

dendrite centers will be identical, the solute contents at equal fractions

of the dendrite spacing w:Lli be identical, and the amounts of non-

equilibrium second phase will be identical.

Let the position of the interface be proportional to the nth power of

the solidification time (similar to equations Ill and 112).

x 8n .......... ... .. (129)

Then, the following relation exists between and (

1 2 ./n 92n-!)/n........(130)
- (2 ,7)I d......(10

Consider then the diffusion in the jth slice during the time the interface

moves from X , - I) da/ to X2 - J d/a, and

A X = d ... ........... (131)
a
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where a number of spaces taken across the dendrite. Then,

2 A ( - )d (32)

l/ W 1) Unj 2=n d2 ... 13/ /

8= (il/n -(J - 1/nj '2 1/ d
- - , -- (133)

Now evaluating M

M , . . . . . .... (134)

where I In (j/n -(j I) ,/r. 2n-) -I

we - - ) a is a numerical factor

dependent en the relative position of the calculation and not on the
A

absolute distance. Thus M is dependent only on D and D 2 .ut not

individually on d or Of In particular for parabolic growth, n = 1/2:

M 2J - I1 D = (2 -- . . . . .T35

fer linear grwth, n = :2 21 2dI -ID

M = - a -d (136)

It should be potited o,." here thi', tHe calculation of the solidification

curve for the li-nited solid diffusir case also give the result that the

amount of non-equi!1brium secord phase was dependent only on ) 2 and not

on d or 8f individually Usir; th- rzh ato'iS

Linea, growth" - 2 = ud (37)

Parabolic growth- 2 4 >/ 2 (138)
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Equations (34) and (61) can be rewritten

fs L .  . . .. ( 39)(8d

- k

which are seen to depend only on i 2

If a value of S is known for an alloy, then it is possible to casimate
the effectiveness of solid state diffusion by computing 2D/ 2.

S2 D 2 tendency for maximum segregation

2D/2. - 1 significant reduction of segregation

= 2 > I tendency for minimumi segregation

Previous researchers have reported to be a constant over a

considerable range of dendritic solidification conditions.8'9 Closer study,

however, may demonstrate that is not a constant but actually a function

of the solidification time. Representing the relation as

0 ' m ... ... .... (141)

when m 0, 'o is a constant and, as shown above, the segregation

pattern will not alter with solidification time.



L4

A
When mZO, the value of decreases as the solidification time

increases and the severity of -.ring will be lessened fer slow ceoing

rates when m7 0, the value of ,, increase-, ac the solidification time

increases and coring becomes less severe for a high cooling rate.

3. Quantitative Results; Diffusion During Freezing.

The numerical analysis technique described above was applied to an

aluminum-4.5 per cent copper alley assuming o parabolic rate of interface

advance (condition Ill) using a limited solid diffusion envelope (assump-

tion 7b) and using the following numerical value:

D - 0.084 cm2sec-l

Q 32,600 calories mole
1

2 . 18
1.2 x 108 cm2sec -

The concentration profiles at progressive stages of solidification

and cooling to room temperature, plotted in Figure 18, demonstrate the

build-up of the solute in the solid behind the advancing interface. Just

above the eutectic temperature, the solute content at the center of the

dendrite is predicted at 1.32 per cent copper. This value is to be com-

pared to the 0 61 per cent copper predicted by the normal non-equilibrium

cenditions. Just below the eutectic temperature, the solute content at

the dendrite center is predicted at 1.34 per cent cepp!r and, at room

temperature, 1.38 per cent copper.
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The fraction solid is calculated from the numerical analysis results

by subtracting the solute content as integrated over the primary phase

from the overall alley solute content and considering the difference to

be dispersed in the second phase, i.e., at the liquid or eutectic composi-

tion; e.g., at the eutectic temperature:

CE - (C -~ d j LXx = X

f = 0J . . . . . . (142)fs CE

For the results plotted in Figure 18, the fraction of primary solid

solution just above the eutectic temperature is 0.927; just below the

eutectic t-nperature, 0.930; at room temperature, 0.935. For normal non-

equilibrium, 0.909 is the predicted fraction solid.

The amount of solute build-up within the primary solid, is of course,

sensitive to the value of . The dependence is demonstrated by the plot

of centerline composition versus 2, of Figure 19. The transition from

normal non-equilibrium behavior to equilibrium behavior occurs in the

range of 2 from )06 to 10l- 0 cm2sec "I. The range of the transition

predicted by the numerical analysis technique is in accord with the range

previously calculated by the analytic expression (45) for limited solid

diffusion that is depicted in Figure 13.

The weight per cent of eutectic predicted at the eutectic temperature,

after eutectic transformation, and at room temperature are plotted in

Figure 20 as a function of ) 2 for the assumptions (1) parabolic growth,
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(2) straight line phase boundaries, and (3) normal non-equilibrium envelope.

It is clearly demonstrated by the curves that the most significant reduction

of segregation due to diffusion in the primary solid occurs during solidifi-

cation and not during direct cooling of the solid casting.

The dotted line of Figure 20 is a comparable curve calculated by the

analytic expression for limited solid diffusion, parabolic growth, and

straight line phase boundaries (equation 42). As the value of decreases,

and consequently the value efc>/ approaches 1, the analytic expression tends

to overestimate the amount of homegenization. This result is due to the

assumption stated by equation (27) that solid diffusion will net change

significantly the gradient of solute at the interface. The change that

does occur is the consequence of (1) the increased rate of solid formation

and (2) the buildup of the solute behind the interface. The analytic

expression is nonetheless sufficiently accurate for the common range of

values of

Two envelopes were used to express the interface compositions, the normal

non-equilibrium and the limited s6lid diffusion, see assumption 7, page 36.

The points plotted in Figure 20 are calculated for a limited solid diffusion

envelope whereas the solid curves are for a normal non-equilibrium envelope.

Tht former envelope is expected to be mere accurate and the latter mere

convenient; however, it is evident from Figure 20 that closely similar

results are obtained using the two envelopes.
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III. EXPERIMENTAL APPARATUS AND PROCEVJRES

A. Generai

In the study of ordinary ingots and sand castings it is difficult, if

not impossible, to separate the interdependent variables that effect soli-

dification. It is expedient, therefore, to utilize equipment and procedures

designed to independently control the various solidification conditions and

isolate the important parameters.

Apparatus used for the controlled solidification studies and described

below (Figures 21 - 25) was designed to permit: (I) extended solidification

with a constant rate of heat removal, (2) programmed time temperature paths

during selidification and subsequent cooling, (3) unidirectional cooling with

heat removal by air or water, (4) mechanical stirring during cooling, and

(5) mechanical vibration during cooling.

Specific requirements of the apparatus were that it would.

(1) Provide a wtde variety of solidification times, ranging from one half

hour to one thousand hours, (2) provide an environment for the metal that

would prevent contamination even after exceedingly long periods of contact,

(3) permit close control and observation of the .progress of solidification,

(4) incorporate a mold of such a shape as to facilitate mathematical analysis,

(5) employ a relatively insulating mold material of !ow total heat content,

and (6) permit solidification studies to be made with a minimum set-up time
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I. Melting Practice.

Charge materials for aluminun-copper heats were aluminum (99.99+

purity) and electrolytic copper. The metal was prepared for casting in

three stages. First, copper was alloyed with liquid aluminum which was

held and stirred above 1700'F with d high frequency induction furnace. The

resulting hardener alloy of nominal composition 50 per cent aluminum-50 per

cent copper was cast into thin ingots in cast iron pig molds Next, one

hundred sixty pound heats of aluminum-4.5 per cent copper al'ov were made

by combining the virgin aluminum and the 50-50 hardener alloy in a gas-fired

air furnace. The resulting alloy was cast into approxi,,ately 6 pound slab

ingots in cast iron melds. Finally, individual heats of twenty to forty

pounds were made by remeltin, the master i'loy, stirring for sixty seconds,

degassing with chlorine for sixty seconds, and then pouring into ths test

ingets. Clay-graphite crucibles were used for ali heats. Ail metal tools

and pig molds were coated with either fiberfrax or zircon wash and dried

before use The procedure described above was used to assure complete

dissolution and uniform distribution of the copper, consistent composition

from inget to ingot, and minimal contamination from iron a-d silicon

2. The Mold.

A cylindrical steel mold was fabricated by weldirg a 1/8-inct' steel

plate to the bottom of a seamless steel tube of 1/8-i"nch wall th'ickess.

Two mold sizes were employed, 5-inches diameter and 2-i/2 inches diameter

respectively, each approximately 10 inches ir height Moid-meta' -*ection
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was prevented by coating the inside meld surface with Fiberfrax cement*

and/or Fiberfrax paper. The top of the mold was covered by a transit.

Plato The insulating ability of the mold was adjusted by wrapping layers

of Fiberfrax paper around the outside surface of the steel shell.

3. Selidification Furnace, Centrels, Thermial Measurements.

The furance for the control led solidification studies was a

resistance-wound recirculating air furnace capable of a maximum temperaturv

of 1350*F, Figures 21 - 25. Two Brown proportional band control units were

available; ent, a duration adjusting type (DAT), the second a current

adjusting type (CAT). The calibration accuracy of the controllers 1i- +0.2

per cent of full scale (1500'F fer DAT, 300*F fer CAT). Two Speedemnax N

model S recorders having interchangeable ranges and scales ef *no millivalt,

ten millivolts, and fifty millivolts were also available for thermocouple

reading and recording. A constant milliveltage was cennected i~n opposition

to the thermocouple when the scale range in use was less than the thermo-

couple output.

Thermeceuples were fabricated from Heskins special chromel-alumeI sire

with a guaranteed accuracy of +3/8 per cent. The wire was ca'ibrated before

shipment and the calibration was checked in the labaratey in the range 200'F

to 1220OF if the rate of temperature chang~e was 2 P/mi- sr lesS, ',8 gauge

Product of Carberundum Cornpany, Niagra Falls, New York
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wire was used and the thermocouple beads coated with fiberfrax The coating

limited interaction with the melt and reduced stray current pickup. If a

faster response were required, uncoated 22 gauge thermocouple wire was used.

B. Procedure

In the following paragraphs, detailed procedures are described that were

omployed for producing test castings in the controlled solidification appara-

tus in the fellowing ways: (1) extended solidification, (2) interrupted

salidification, (3) isothermal solidification, (4) programmned seiidification,

(5) unidirectional solidification, (6) solidification with stirring, and

(7) solidification with vibratien.

In this report, however, detailed results are presented only for those

experiments which fall under I and 2 above (plus some limited data fom- 5)

ExperJwr,tLs in the remaining categories were largely exploratory in nature

during the fiscal year covered by this report, these experiments are continuing

and wii be reported in detail in the next annual report of this contract

I Extended Solidlficaticn

Ingots were selidified over extended periods ranging from elght hours

to one thousand hours while maintaining (1) the rate of heat extraction
F

constant and (2) the temperature gradient in the melt very shallow (less than

O.I°F iich). The experimental setup is sketched in Figure 21 and the proce-

dure is suromarized below-
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I. Ingot melds were placed in the recirculating air furnace and

preheated at 1300°F for at least twelve hours.

2. The melds were filled, and the melt temperature stabilized at the

furnace temperature.

3. The melt and furnace were celed with control responding t* a

differential thermocouple that measured the difference between the

temperature of the melt and the temperature of the furiace chamber.

As depicted by Figure 21, the differential thermacouplt consisted of

one chrouwsl-alumel junction in the melt connected in parallel with a

secenS junction in the furnace. The potential across the differential

thermoecoupla, which represented the temperature difference between the

two measuring points, was input to the controller which acted to keep

the temperature difference at a set, constant value.

4. When the recorded melt temperature indicated the ingot has passed

through the eutectic hold, the ingot was reoved from the furnace and

water quenched.

The rate of heat extraction is directly proportional to the temperature

difference and is a constant as long as the difference is a constant The

rate of heat extraction is reduced (and the solidification time extended)

by (a) reducing the temperature difference or (b) increasing the insulation

around the mold. The temperature gradient in the melt is simultaneously

reduced by either of these two procedures.
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At times as many as six individual thermocouples were used in a

differential thermocouple package. Three in the furnace were connected in

series, thus multiplying the millivoltage reading by three. Similarly,

three thermocouples in the melt were connected in series. When these

thermocouples were connected to form a differential thermocouple, the

voltage across the package corresponded to three time the actual tempera-

ture difference. Not only does this method scale small temperature

differences up to a poin. where they are read more easily and controlled

more accurately, but this method also averages temperature variatior- in

the furnace and averages error in thermocouple readings

2. Interrupted Solidification.

A variation of the above techniques was to slow cool several 2-1/2

inch diameter ingots in the furnace setting the differential thermocouple

control from just one of the ingots. At each of a series of temperatures

below the liquidus, one of the ingots would be removed from the furnace.

The mold was then quenched to 150°F by dropping into a large tank of water

Less than two minutes elapsed from the time the slow solidification was

interrupted and the metal temperature brought to 150'F. Thus the portion

of the alloy that was still liquid when the slow solidification was inter-

rupted was cooled, by the quench, about 3600 times faster than the remainder

of the alloy.

A secord technique employed to interrupt solidification consisted of

pouring lead of the same temperature as the melt Into the mold The fraction
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of the alloy still liquid would be displaced, but the solid crystals would

be trapped by a fiberglass screening fastened across the cont4,r of the

mold.

3. Isothermal Solidification.

A mold with a minimum amount of insulation was placed in the furnace

and preheated to 1300°F. The mold was filled with the furnace door open and

the metal temoerature was lowered to a position intermediate to the solidus

and the eutectic. The solidification temperature wcs mairtained for a

specified time and then the mold removed from the furnace and quenched

At times several 2-1/2 inch diameter ingots were cooled to the solidifi-

cation temperature sinutaneously and each was held at that temperature for

a different length of time before quenching.

4. Programmed Solidification.

A Beck Programmer was used in conjunction with the control units to

program temperature-time cycles for the metal and/or furnace. Figure 22 is

a sketch of one experimental set-up which was employed. The progran e,"

outputs a time-varying millivoltage that either added or opposed t',e output

of a control thermocouple. The algebraic sum of the two millivoitages was

then connected to a control unit, which maintained it at a constant value

Thus, as the output from the programmer varied the contro.ier changed the

power input to the furnace to the point where the control thermocouples

compensated for the change, The programner is capable of producing up to
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three different linear cooling rates within the specified millivoltage

intervals.

5. Unidirectional Solidification.

A chill was fabricated connecting four 1/4-inch diameter channels

using two 1/2-inch channels in a steel block 5" x 5" x 1/2" and welding it

to the bottom of a 5-inch diameter cylindrical mold. The chill was coated

with Fiberfrax cement and the inside and the outside surface of the mold

walls were wrapped with Fiberfrax paper. The experimental set-up is sketched

in Figure 23. Typically, the ensemble was placed in the furnace and preheated

to 1300°F. After the mold was filled and the metal temperajre stabilized,

either water or compressed air was run through the chill block at a high rate

(while the furnace temperature was maintained above the liquidus). Essen-

tially all heat flow in the ingot was "unidirectionally", downward.

6. Solidification with Stirring.

A 1/3 horsepowder motor and 1/2-inch chuck were mounted on a frame

attached to the top of the furnace. The circuit bringing power to the stirrer

motor contained a potentiometer to adjust the power input and voltmeter and

ammeter to measure the power input. Various paddle arrangements could be

inserted into the chuck and one arrangement is shown in Figure 24. The

paddle and shaft were generally made of type 316 stainiess steel and coated

with aluminum and/or fiberfrax.
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7. Solidification with Vibration.

An Eriex Hi Vi model V3A30N electro-magnetic vibration unit having a

maximum power input of 40 watts was mounted on a frame below the furnace

and coupled to the mold by a stainless steel rod which extended through the

furnace bottom A stainless steel plate was threaded and locked onto the

rod and the mold itself was securely bolted to the plate. Figure 25 is a

photograph of an experimental setup. The vibrator power could be turned

on at any time during solidification and the vibrator power adjusted by

means of a rheostat.
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IV RESULTS OF CONTROLLED SOLIDIFICATION EXPERIMENTS

A Thermal Analysis of Extended Solidification Heats

Several ingots of aluminum-4.5 per cent copper were solidified over

extended periods ranging from twelve to 1000 hours, at a constant rate of

heat extraction using the differential thermocouple technique. Photographs

of polished and etched macrosections of ingots solidified twelve, sixty, one

hundred ind one thousand hours are shown in Figure 26. The,-mal record of

ingots solidified over twelve, thirty six, and eighty two ho~rs are plotted

in Figure 27. The plots are similar in shape to the heat content (Figure

16) and solidification curves (Figure 9) calculated earlier for this alloy.

The slope decreases sharply as the first solid appears and remains relatively

shallow and linear for a good part of the solidification time The slope near

the end of solidification is close to the value previous to the transformatior.

The horizontal portion represents the eutectic hold and final v the slope

increases to a value ci,.)racteristic of a single phase field. Neithe the

amount of undercoolLng below the liquidus prior to the initiation of freezing

nor the undercooling below the eutectic prior to the initiation of the

eutectic transformition wa ever measured as greater thar two degrees Farephelt

1 The Solidification Curve, Comparison with Computations

Due to the fact the ingots were cooled with c constar: -ate of heat

extraction, the abscissa of the thermal record differs from the heat :oten

by a constant factor and the cooling curves may be compared :o scldification

curve (fraction solid versus temperature, Figure 9), using the method of
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Stonebrook and Sicha. 14  The method assumes that the heat of fusion liberated

for each per cent of transformation is the same and that the heat capacity of

the solid and liquid are the same. The heat content calculations of Section I!-

C demonstrate that these assumptions are individually inaccurate, especially

so when an intermetallic, such as CuAl2 is one of the transformation products.

But, the construction, when applied to an aluminum-4 .5 per cent copper alioy is

accurate within 15 per cent during the bulk of solidification. The converted

thermal data is plotted in Figure 9 with the calculated curves for the three

cases. The data is seen to agree reasonably well with the case of limited

solid diffusion and a value of 2 . 1.2 x 10-8.

2. The Amount of Non-Equilibrium Second Phase.

It is interesting to note that there is only a very slow increase in

the amount of solid diffusion when the time of solidification is increased

over two orders of magnitude. The ratio of the time of the eutectic hold to

the total solidification tim may be, through the calculations of Section II-

C, equilibrated with the weight fraction of eutectic formed. These values,

summarized in Table II, change only slightly in the runs twelve to eighty two

hours. There was no hold recorded for the one thousand hour heat, however,

some eutectic is observed in the macrostructure.

It is obvious from the macrostructures (Fiqure 26) that the dendrite

spacing is increasing along with the solidification time Even though the

time for solid diffusion to take place may be increased, the diffusion paths

becomes extended and thus the concentration gradients, representati~e of the

4riving force for diffusion, become shallow The somewhat simplified model
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TABLE II

Solidification Duration of Eutectic Weight Fraction

Time (hours) Hold (hours) Eutectic (calculated*)

12 0.25 .03

36 0.7 .03

60 1.3 .03

82 1.7 .03

1000 None Observed -

and calculations of Section I (in particular, equation 141) indicate that if

the dendrite spacing increases in a manner such that the ratio of the square

of the dendrite spacing to the solidification time ( q2 ) remains constant,

the segregation pattern will not change. The experimental evidence clearly

indicates that the extension of solidification times is not, in itself, a

practical means of eliminating microsegregation in aluminum-4 5 per cent

alloys.

The method of calculating a heat content curve for the solidification
interval is described in some 4etail in Section II-C: heat content of
solidifying alloy. The fraction eutectic is derived from the calculated
heat content curve that has the ratio heat release4 at eutectic- total
heat released within solidification interval equal to the ratio from the
cooling curve of time at eutectic temperature: time within solidification
interval.
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B. Microsegregation Measurements*

1. Microprobe Measurements; Unidirectional Ingots.

The segregation pattern within the dendrites of a series of ingots

cast from aluminum-4.5 per cent copper was analyzed quantitatively with the

aid of an electron mi,;roprobe. The photomicrograph of Figure 28 is a section

taken parpondiular to the heat flow direction and seven inches from the

chill from an ingot that was water chilled and unidirectionally solidified.

The sample was prepared for analysds by first polishing metallographically

and then placing r crohardness indentations to mark the area of observation.

The electron probe traces are apparent in the photomicrograph ani the

results of one trace are plotted on the same figure with the scale of the

abscissa such that horizontal distances are the some. The composition along

the centerline of the dendrite element is fairly uniform and for this sample

a minimum value of 1.3 per cent copper was obtained.

The minimum copper content measured at the centerline of dendrite

elements of samples taken from locations on this and other ingots is

surinarized in Table III The minimum solute content expected if the soli-

dification followed normal non-equilibrium conditions is 0 6 per cent copper

for an oluminum-4 .5 per cent copper alloy. The fact that the minimum

compositions observed are about 1.3 per cent copper indicates that the

The ingets used for these microsegregation measurements were prepared by

Dr. T. F. Bower and the electrcn microprobe measurements were made under
his direction.
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TABLE 11.

A. tUnidirectionally Solidified Ingots

Method of Chill Distance from~ Chill Minimum Copper

1. Water Chill 1/16 inch 1,4

3 inches 1.4

7 inches 1.3

2. Air Chili M/6 inch 2 2

7 inches 1.3

3. Air then Water 1/2 inch 0.8

3/4 inch 0 9

B. Slow Cooled Tngets

1. Interrupted at 12010F 5% Solid 0 7

2. Interrupted at 1187-F 40% So~id 1 0

assumptions of this limiting case are not cornplete-v '.alid and that one of

the twe following conditions contributes to the discrepancy (a) there is

a significant buILd4-up of solute a ~of the iiitia dt~.It growth forms

due to limited liquid diffusion or (b) soame so~utio~r±lzing occur5 i~r the

primaiy dendritas during solidificarior PF there ,- -e a bt'-ip LPOf 0o1 J te

in the liqujid, the minimum solute co-tant msilsu'6e1 wiflin the solid pbase

would be the same throughout soliificatio- On t~e oti-er hand, solid

dif fusion in the dendrites would cause tro a~ror toi&ue -or'tes-t to 9radua ly
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increase during solidification similar to the prediction of Figure 18.

Two experimental techniques of interrupting selidificatisn, described

below, were useid to demonstrate that the solute content within the dondrites

does, indeed, increase during solidification, and that, therefore, the

increase, in copper concentration at the center of dendrito armis above the

value kC. results from diffusion in t'he solid.*

2 Sicroprobe Measurements, interrupt*d Solidification.

First, an ingot was selidified unidirectionally by air chilling until,

according to thermal data, the most aivancodi solid reached 3/4 inch into the

ingot. Then water was put through the chill to effectively quench in the

existing structure The data in Table I shows that the primary solid phase

had 8 - .9 per cent coopper at the time of quenching The region above 3/4

inch h&aA a norma) minimurn solute content for a water c.iilled ingot, 1.L4 per

cent copper.

Second, ingots were slow cooled to temperatures below the liquidus

and then lead of the same temperature as the alley was poured into the inget

to displace the liquid. In this case an ingot that had its solidification

interrupted at 1201*F, equivalent to 5 per cent solid, had a solute content

of 0.7 per cent copper within the primary dendrites. An ingot that had its

solidification interrupted at 1l87*F, equivalent to 40 per cant solid, had

a solute content of 1 0 per cent copper

Also, relatively simple calculations and computer calculation now underway
as a part of this program show that under cenlibitions of Solidification
considered herein there can be no significant buil4-up of solute in the
liquid in f ront of, or between 4*r~drite arms.
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The experimental results substantiate the results of calculations

which indicate that limited solid 4iffusion can occur during normal
solidification. The value of the minimum solute contents measured is
consistent with a value of y 1.2 x 10-8 cM secI/2 for the calcu-

lation ef Section D and Figure 19,

ii,
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V CONCLUSIONS

This report covers the first years work on a continuing project for

the fundamental study of the selidification behavior of 3luminum alleys.

An analytic study has boon made of micresogregation in ingots cast from

substantially alloy*4 metals The solidification process has been

i.aliz*4, for the sake of analysis, by the selection of the microscopic

transport conditions and of a growth model with tne following results

i. The solidification curve (fraction solid as a function of temperature)

for binary alloys has t>een described and quantitative results has-

been presented for several aluminum Dase alloys This metnod is

easily applied to ternary (and more copsex) alloy systems orovioed

adequate phase diagram information is available

2. Analyses given account for limited diffjsion In the solid pnase auring

solidification and during cooling to room temoerature Tnese analyses

allow more accurate description of the solidification conditions an

more useful analysis of the solidification structure than c_-rptat:y-ns

based on the usual assumptions, (a) compoIte diffusion in the solid

(equilibrium), or (b) no diffusion in the solid (normal non-equilibrium)

3. The amount of non-equilibrium phases and coring present in the final

solidification structure is shown to be dependen- on tne ratio of the

square of the size of the growth element (for example. dendrite irm

spacing) to the solidification time. expressed as 2 For the

dendritic solidification of an aluminum-4 5 per cent copper alloy a



.al e ;' --- :n essee, -es.it in t-e maxi-rm

segregation, a valJe of 2 = 1x 1.3-3 ,ould, in essence, result in

an equiliorium structure. A valie of '\ 2 ranqing between these

limits woul result in varying amounts of solid diffusion and crves tnat

describe the amount of non-equiliorium eutectic formed in aluminum-

copper alloys as a function of 2 have been Dresanted

4. As a consequence of solid diffusion, the solute content within the

prizary solid will increase during the solidlfication nrocess A

num ricl analysis technique has reen described wi ich computes the

concentration profile at various solid fractions. The analysis applied

to an aluminum-4.5 per cent copper alloy demonstrates:

(a) the dependence of the microsegregation on 2

(b) the copper concentration of the primary solid phase is quite uniform
during the initial stages of solidification

(c) whenever there is substantial solid diffusion th- reduction of
microsegregation 4uring cooling in the solidfication range will
be more significant then the leveling that will occur during the
eutectic hold and during cooling of the soP, structure to room

temperature

5. Once the 'olidification curve of an alloy has been computed the behavior

within the solidiflction range of many physical properties can be des-

crib"~1 wit, the use of data for the alloy that nas been measured witnin

the single phase regions As an example, expressions rave been derived

for the heat content an4 rate of heat release of a binary alloy in the

solidification region The expressions have been evaluated for an

aluminum-4.5 per cent copper alloy
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Through the analysis of ingots cast from aluminum-4 .5 per cent copper

alloy experi ental verification was obtained for the major assumptions of

the analyses.

I. Thermal analysis of ingots solidified by a differential thermocouple

technique indicate that the solidification curve of aluminum-4 .5 per

cent alloy is more aptly described by the limited solid diffusion

conditions than either the equilibrium or normal non-equilibrium

conditions.

2. Electron microprobe measurements of tht copper distribution within

dendrites from unidirectionally solidified ingots showed a minimum

value of 1.3 - 1.4 per cent copper rather than the 0.6 per cent

predicte4 by the phase diagr=m. Examination of dendrites from ingots

that had their cooling interrupted at various stages of solidification

demonstrated that initial solid to solidify did have a composition

close to 0.6 per cent and that the solute content of the solid increased

during the solidification process

3 Observation of ingots cooled with solidification times ranging from

twelve hours to one thousand hours demonstrated that the dendrite

structure coarsens with increasing solidification time at such a rate

that the resulting decrease in concentration gradient hinders solid

diffusion to an extent comparable to the enhancement brought about by

the increased tim abailable for diffusion. The reduction of micro-

segregation resulting from extended solidification times is too slight
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to oe, in itself, a practical m~eans for eliminati-ng tie nor-ecijil'irium

ricro-inhomnoeneitits from solidification structire~s
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APPE14DIX A List of Symbols

Ai constant d--scri'Dtive of a binary phase dfigram in
the jtfl interval

Bi-constant, descriptive of a binary phase diagram
in the Jth- interval

,.-over.zfl weight fraction of solute in a binary alloy

Cp, p~= heat cap-acity of solid and liquid states, respectively

S, C*L, C~c - weight fraction solute at interface of solid, liquid,
gnd e~ztectic phis-is, respectively

CS, CL 22ayer+v7e weigtt fraction solute in solid and liquid
phases. respectivoehy

C&- eu'iibrwut solld and liquid weight fraction at
reference temp~erature Tj of the jth interval of the
phase diagrarp

d ro'vt? elesient spacing

DO frequency constiont fr Cdiffusion

D, volumne diffusion rc.UlFfcient -of soalute 'In solid

c fi f;: weight fractior, solid, liquid, and eutectic,
respectivelIy

HI heat released for eacn fract! on solidified

HF -heat of fusion

HS', itl heat conternt of the solid and 'tiquid phase,
respectively

H LH ' heat of mixing of tnt solid and liqui~d phases,
L respectively

H =heat content of a bir;ary alloyTI

ji= flux at the interfact in the solid phase

k -partition ratio

H finih;e difference rneth - s ant, A
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MS, mL = slopes of liquidus and soiidus

mSj, mLj = slopes of liquidus and solidus in the jth interval

= heat of activation of diffusion

q = rate of heat transfer

R = gas constant

T = temperature

TB = base temperature for heat content measurements

Ti = temperature of ai invariant reaction, e g , eutectic
transformation temperature

TK = temperature in degrees kelven

TL = liquidus temperature

Tj = reference temperature of jth interval of phase dizgram

Tm = elting point of pure solvent

u = growth rate constant, linear growth

X = distance along growth element

Xi = position of solid-liquid interface

c-/ = 2Ds // 2

L =  2 D/u Rd

2 empirical ratio of square of dendrite spacing to

solidification time, d 2/f

= - (I Aj)

\A growth rate constant, parabolic growth

= density of alloy

9 = time since beginning of solidification

Of = total solidification time



APPENDIX B: Organization of Computer Programs

Evaluation of the solidification parameters introduced in Section

II has been achieved with two FORTRAN programs. The first, MACRO,

computes the parameters that are descriptive of an entire phase or

the entire alloy and are, at least hypothetically, anmenable to macro-

scopic measurement (pyrometry, calorimetry, dilatometry, etc.). These

are the parameters discussed in Sections II-A, I-B, II-C. The second

program, MICRO, computes the concentration profile in the growth

element on the basis of microscopic diffusion conditions as described

in Section II-D. The organization of each is described by a flow

diagram of the executive routine of each; MACRO, Figure 29, MICRO,

Figure 30.

MACRO consists of an executive sub-program (MAIN) that calls a

sequencs of computational and input/output subroutines. The calling

sequence of (MAIN) is presented in Figure 29. Many variations have

been compiled for each computational and output subroutine and the

particular series of subroutines selected to buildup a deck for a

computer run is a choice dependent on the nature of the alloy system

(e.g., real or imagirary), the assumed solidification conditions, and

the parameters to be evaluated and/or compared. The general purpose

of each subroutine is indicated in Figure 29. A program of this design

was deemed most suitable for a research project in which the assumptions,

parameters, and systems taken under consideration are continually

changing and expanding.
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MICRO consits of an executive sub-program (MAIN) and several

computational and input-output subroutines. The calling sequence of

(MAIN) is delineated by the flow diagram, Figure 30, as are the

functions of each subroutine. The scope of Job to be run on the

computer is read in as part of the data and thus with the exception

of subroutine CHICO only one subroutine of each name is needed

Because output is a relatively slow computer step, the output routines

have been designed to be easily altered by octal correction cards when-

ever computer time must be conserved
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APPENDIX C: Thermal Data for Heat Content Analysis
of A) - 4.5 Per Cent Cu

I. ihermal Properties of the Pure Elements

K K. Kelley 12 fits the temperature variation of heat content of an

element to an expression of the following general form

H(T) - aT + bT 2 + C

The evaluation of this expression for liquid and solid aluminum and

copper are

HAI. " (4.94)T + (1.48 x 10-3)T 2 + (-,,604)j /(26.98) (cal/gr)

8Cu M (5.41)T + (0.75 x 10-3)T 2 + (-1,680)1 /(63.54)

S(700)T + (330) /(26.98)

HCu - .(7.50)T + (-20)~ /(63.54)

and the heat capacity expression is the fit to the derivative of the

above expressions, that is

C - a+2bT

and CpAS - (4.94) + (2.96 x 10-3 )T /(26.98) (cal/gr°C)

Cp Cu S = .(5.41) + (1.50 x 10-3 )TI /(63.54)

CpAiL - (7,00)/(26.98)

CpCuL - (7.50)/(63.54)
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2. Heat of Mixing Data

(a) Assume HM to be negligible. The average copper content of theSm

primary solid is less than two per cent (less than one atomic per cent).

(b) From 0. Kubashewski and J. A. Cattera]1 13 the heat of mixing of

the liquid up to 33 weight per cent fits the relation

HM - (9000)Ncu (cal/gram)

L

where Ncu = atom fraction copper

CL (26.98)

Cu =CL (26.98) + ( - C*)(63.54)

Define such that

grams liquid
i NCu( 6 3"54 ) + 0 - NCu)(26.98) = gram atom liquid

Then

H" -(9000) NCu \ (cal/gr liquid)

To evaluate dHM,'dCL

dHdCu d C dNcu-- --(9000) = 1+ N Cu
dC( dC L dNcu dC L

which becomes

2

dHM 63.54 ' L2

dC* L 9,000 C*L2



(c) For the intermoetallic phase CuA]12 (@)

MIc

He M 3,250 (cal/gr atom)

and

He -3,250 (cal/gr)l


